Introduction
Genetic changes associated with colorectal cancer development are well characterized and include alterations in APC, beta-catenin, hMSH2, hMLH1, hPMS1, hPMS2, K-ras, DCC, p53, and BAX (Bronner et al., 1994; Fearon and Vogelstein, 1990; Fishel et al., 1993; Korinek et al., 1997; Leach et al., 1993; Nicolaides et al., 1994; Papadopoulos et al., 1994; Rampino et al., 1997) . Point mutations in the Kras gene occur early in the development of colorectal neoplasms and are found in 35 ± 50% of colorectal adenomas and cancers. Most of these K-ras mutations are localized on codon 12 and to a lesser degree at codons 13 and 61 (Bos, 1988; Breivik, 1994; Capella, 1991; Finkelstein, 1993; Forrester, 1987; Losi et al., 1992; Vogelstein, 1988) . These amino acid residues play a critical role in GTP binding, and point mutations at these codons produce oncogenic p21 ras proteins that resist GTP hydrolysis and have constitutively active signaling function (Barbacid, 1987) .
Once acquired, K-ras mutations are preserved throughout the natural history of tumor development and are excellent targets for diagnostic testing. K-ras mutations may be detected in the primary tumor by direct DNA sequencing, allele-speci®c oligonucleotide hybridization, or restriction digest techniques (Chen and Viola, 1991; Di Giuseppe et al., 1994; Kahn et al., 1991; Levi et al., 1991; Mitsudomi et al., 1991) . In addition, several research groups have used high sensitivity techniques such as phage cloning, allelespeci®c PCR, or repetitive restriction digests to detect K-ras mutations in stool or lymph nodes of cancer patients as indicators of early disease or micrometastases (Caldas et al., 1994; Cha et al., 1992; Haliassos et al., 1989; Hasegawa et al., 1995; Hayashi et al., 1994 Hayashi et al., , 1995 Jacobson and Moskovits, 1992; Mansfeld and Bos, 1992; Nollau et al., 1996; Orita et al., 1989; Ravin-Smith, 1995; Rust et al., 1993; Sidransky et al., 1992; Tada et al., 1993; Westra et al., 1993) . However, the techniques utilized for K-ras detection have limitations. Most have either low sensitivity (DNA sequencing) or are unable to detect the full spectrum of K-ras mutations (restriction digests, allele-speci®c PCR). Furthermore, allele-speci®c ampli®cation techniques are prone to false positive signals from minute contamination or from the introduction of point mutations by polymerase errors during PCR amplification. Improved methods are needed that can rapidly detect the full spectrum of K-ras mutations while maintaining high sensitivity and the ability to quantify the amount of mutant alleles in clinical samples.
Our laboratory has cloned thermostable ligase for use in the ligase detection reaction (LDR) and ligase chain reaction (LCR) to detect single base mutations (Barany, 1991a,b; Barany and Gelfand, 1991) . Ligase-based assays are ideal for multiplexing, since several primer sets can ligate along a gene without the interference encountered in polymerase-based assays. The optimal multiplex detection scheme involves a primary PCR ampli®cation, followed by either LDR (two primers, same strand) or LCR (four primers, both strands) detection. This approach has been successfully used to detect multiple mutations in 21-hydroxylase de®ciency (Day et al., 1995 (Day et al., , 1996 , hyperkalemic periodic paralysis (Feero et al., 1993) , human allele polymorphisms (Belgrader et al., 1996) and cystic ®brosis (Eggerding et al., 1995; Grossman et al., 1994; Winn-Deen et al., 1993) . The thermostable ligase and engineered mutants exhibit high ®delity in discriminating all possible matched and mismatched base pairs . The discrimination is improved by using primers containing the discriminating base on the 3' side of the ligation junction . Further, the enzyme discriminates C:A or A:C (and all other) mismatches with greater ®delity than G:T or T:G mismatches .
In this study, a multiplex PCR/LDR method was developed to detect any possible point mutation in Kras codons 12, 13, or 61 in human colorectal cancers. The method can quantitatively detect the presence of a mutation in an excess of wild-type alleles, and is amenable to automation. This method can detect K-ras point mutations in a variety of colorectal tumor samples and has improved speci®city and sensitivity when compared with traditional dideoxy sequencing.
Results
The K-ras gene presents the dual challenge of distinguishing multiple mutations in the neighboring codons 12 and 13 from wild-type sequence, as well as the closely homologous H-, N-ras genes. Probes speci®c for each point mutation can interfere with one another during hybridization or polymerase extension. Thus, while allele-speci®c PCR can detect individual point mutations, it is not eective for multiplex detection of all possible K-ras mutations in a homogeneous assay (Cha et al., 1992; Hasegawa et al., 1995; Hayashi et al., 1994 Hayashi et al., , 1995 Losi et al., 1992; Tada et al., 1993; Wu et al., 1989) .
To approach the above challenges, a primary genespeci®c PCR coupled to a multiplex LDR assay was developed. Independent K-ras speci®c PCR primers were designed for Exon 1, containing codons 12 and 13, and for Exon 2, containing codon 61 (Figure 1 ). Twenty-six LDR primers were designed and synthesized for each of 19 possible point mutations in codons 12, 13, and 61 (Table 1 ). The discriminating oligonucleotides were¯uorescently-labeled and contained the mutant base at their 3' end. Up to three discriminating oligonucleotides competed for ligation with an adjacent phosphorylated common oligonucleotide, which contained a poly(A) tail and C3-spacer blocking group at its 3' end. In the presence of target DNA containing speci®c K-ras mutations, these primers generate unique LDR products which are Figure 1 Scheme for PCR/LDR detection of mutations in codons 12, 13, and 61 of K-ras. Top: Schematic representation of chromosomal DNA containing the K-ras gene. Exons are shaded and the position of codons 12, 13, and 61 are shown. Exonspeci®c primers are used to selectively amplify K-ras DNA¯anking these three codons. Bottom: Schematic representation of primer design for LDR detection of all possible mutations in each codon. For example, codon 12 (GGT) may mutate to GAT, GCT, or GTT. Allele-speci®c LDR primers contain the discriminating base on the 3' end and a¯uorescent label on the 5' end. Common oligonucleotides are phosphorylated on the 5' end and contain a poly-(A) tail and C3-spacer blocking group on the 3' end. Dierent mutations are distinguished by separating the products on a polyacrylamide gel. LDR primers used for detecting mutations at codons 12 and 13 compete for hybridization to target DNA. Primers speci®c for wild-type DNA were designed to quantify the amount of PCR product prior to detection of mutant DNA distinguished by alternating FAM-or TET-¯uorescent peaks when separated on an automated ABI 373A DNA sequencer. The blocking groups prevent residual polymerase extension of LDR primers or products and the poly(A) tails allow the LDR products for each codon group to be separated on a sequencing gel.
Individual and multiplex LDR primer sets can identify and quantify K-ras mutations in an excess of wild-type DNA The sensitivity of PCR/LDR was determined by reconstructing samples containing various dilutions of mutant DNA (derived from cell lines) in wild-type DNA. Samples were PCR ampli®ed independently and then mixed, allowing a range of mutant-to-wild-type ratios to be tested. Individual LDR primer pairs were initially tested on PCR ampli®ed DNA prepared from cell lines of known K-ras genotype. Each LDR primer pair yielded the correct ligation products, and no product was seen in cell lines lacking the corresponding K-ras mutation. Furthermore, equal mixing of two DNA targets containing separate mutations (G12D, G12V, and/or G12A) in an excess of normal DNA and analysis with the two corresponding LDR primer pairs, gave both LDR products in approximately equimolar amounts.
A homogenous assay was developed to simultaneously quantify both signal generated from correct ligation on mutant template and background noise generated from mis-ligation on wild-type template. When testing each mutant primer pair for codon 12 on wild-type DNA, the highest misligation rate was obtained from primers designed to detect G12D, i.e. representing a C:A mismatch. Therefore, for determining signal-to-noise values in a multiplexed assay, a dierent mutant template (G12V) was used as the target DNA, such that both`signal' (from the G12V) and`noise' (C:A misligations from the G12D primers on wild-type template) could be quanti®ed in the same reaction (See control lanes in Figures 2 and 3 ). For this three primer set, the limit of positive identi®cation of a G12V mutation was 1 cancer mutation in 4000 wildtype templates with a signal-to-noise ratio greater than 9 : 1 (Figure 2 ). The LDR product signal increased in a linear fashion over nearly a two log range before leveling o at the higher ratios of mutant to wild-type target. Similar LDR product yields and signal-to-noise ratios were obtained using either wild-type or K294R mutant thermostable ligase .
In a standard LDR reaction, an excess of LDR primer over template assures ecient hybridization and ligation during each cycle. However, when combining LDR primers to test all six possible single-base mutations at K-ras codon 12, the six upstream discriminating and two downstream common primers as well as the complementary PCR strand all compete for hybridization to the same region of template DNA. A balance must be sought between the ratio of total LDR primer and target DNA, such that sucient primer is added to generate a robust LDR signal, but not so much total primer as to squelch the signal generated from the correct primer. Optimal results were obtained using the following conditions: the total amount of PCR ampli®ed product (2000 fmoles total in 20 ml reaction),¯uorescently-labeled discriminating primers (500 fmoles each), common primers (from 500 to 1500 fmoles each), and Tth DNA ligase (100 fmoles). For the eight primer set, the limit of Table 1 LDR primer sets for detecting mutations in K-ras codons 12, 13, and 61 positive identi®cation of a G12V mutation was one cancer mutation in 1000 wild-type templates with a signal-to-noise ratio greater than 3 : 1 (Figure 3) . Thus, primer interference during hybridization not only reduced the limit of positive detection at least fourfold, but also reduced the total LDR product yield Figure 2 Quantitative detection of G12V of the K-ras gene using three LDR primers in an excess of normal K-ras DNA. Top left: Schematic diagram of mutant G12V and normal G12 double stranded templates with the two discriminating (V: Valine; D: Aspartate), and one common primer used in the LDR reaction. Top right: GeneScan gel region showing LDR products generated using either wild-type or mutant K294R Tth DNA ligase as described in Materials and methods. The ®rst three lanes in each case are negative controls without any added mutant K-ras DNA. The next eight lanes depict the amount of LDR product formed with 0.025 nM (0.5 fmol) to 5 nM (100 fmol) of mutant K-ras template diluted in 100 nM (2000 fmol) of the wild-type K-ras template. Middle: Electropherograms of LDR reactions. The higher peaks on the right shows the true signal generated by the G12V target while the peak (D), barely visible in control lane #2 indicates the noise produced as a result of mis-ligation. Minor (V) peak in control lane #3 is due to spillover signal from the adjacent lane. The broader peaks on the left are unligated primers. Bar graphs depict the amount of LDR product formed along with their respective signal-to-noise ratios. Solid bar: wild-type ligase; Striped bar: mutant (K294R) ligase about ®vefold in the six mutation multiplex reaction as compared to the simpler two mutation reaction (see Figures 2 and 3 ).
In the completely assembled multiplexed LDR reaction, a total of 26 primers were used to test all 19 possible single-base mutations at K-ras codons 12, Figure 3 Quantitative detection of G12V of the K-ras gene using eight LDR primers in an excess of normal K-ras DNA. Top left: Schematic diagram of normal K-ras double stranded template with the six discriminating (C: Cysteine, R: Arginine; S: Serine; V: Valine; A: Alanine; D: Aspartate), and two common primer speci®c for codon 12 used in the LDR reaction. Top right: GeneScan gel region showing LDR products generated using either wild-type or mutant K294R Tth DNA ligase as described in Materials and methods. The ®rst three lanes in each case are negative controls without any added mutant K-ras DNA. The next eight lanes depict the amount of LDR product formed with 0.1 nM (2.0 fmol) to 10 nM (200 fmol) of mutant K-ras template diluted in 100 nM (2000 fmol) of the wild-type K-ras template. Middle: Electropherograms of LDR reactions. The higher peaks on the right shows the true signal generated by the G12V target while the neighboring minor peak (D) indicates the noise produced as a result of mismatch ligation. Both (D) and (V) mis-match ligations are visible as minor peaks in the three control lanes. The broader peaks on the left are unligated primers. Bar graphs depict the amount of LDR product formed along with their respective signal-to-noise ratios. Solid bar: wild-type ligase; Striped bar: mutant (K294R) ligase 13 and 61. The highest background noise due to misligation was produced by the Q61R primer pair, representing a G:T mismatch of the Q61A primer on wild-type DNA (See control lanes in Figure 4) . This background noise was about tenfold higher than that observed for primers designed to detect G12D (C:A Figure 4 Quantitative detection of G12V of the K-ras gene using 26 LDR primers in an excess of normal K-ras DNA. Top left: Schematic diagram of normal K-ras double stranded template with 19 discriminating primers and seven common primer speci®c to codons 12, 13, and 61 used in the LDR reaction. Top right: GeneScan gel region showing LDR products generated using either wildtype or mutant K294R Tth DNA ligase as described in Materials and methods. The ®rst three lanes in each case are negative controls without any added mutant K-ras DNA. The next eight lanes depict the amount of LDR product formed with 0.1 nM (2.0 fmol) to 10 nM (200 fmol) of mutant K-ras template diluted in 100 nM (2000 fmol) of each wild-type K-ras PCR ampli®ed exon. Middle: Electropherograms of LDR reactions. The sharp peaks in the middle shows the true signal generated by the G12V target while the neighboring minor peak (D) indicates the noise produced as a result of a (C:A) mismatch ligation, while the small broader peak (R) indicates the noise produced as a result of a (G:T) mismatch ligation. Both (D) and (V) mis-match ligations are visible as minor peaks in the three control lanes. The broader peaks on the left are unligated primers. Bar graphs depict the amount of LDR product formed along with their respective signal-to-noise ratios. Solid bar: wild-type ligase; Striped bar: mutant (K294R) ligase mismatch), and con®rms the higher rate of mis-ligation of G:T mismatches observed previously with this thermostable ligase . The yield of the G12V LDR product formation was threefold less in the 26 primer set as compared to the eight primer set, and 15-fold less when compared to the three primer set (see Figures 2, 3 and 4) . For the 26 primer set, the presence of twelve overlapping discriminating primers and four overlapping common primers which hybridize to codons 12 and 13 predictably reduces total signal, nevertheless, the limit of identi®cation was one G12V mutation in 500 wild-type templates, with a signal-tonoise ratio of 3 : 1.
Comparison of multiplex PCR/LDR to direct sequencing for detection of K-ras mutations in DNA microdissected from human colon carcinomas Multiplex PCR/LDR was evaluated on 144 primary colon carcinomas previously analysed by direct sequencing of PCR ampli®ed DNA isolated from microdissected paran sections (Park et al., 1998) . Using standard T7 polymerase/dideoxy chain termination DNA sequencing, K-ras point mutations were found in 48 of the 144 tumors (33%). K-ras mutational analysis using PCR/LDR was done in a blinded fashion using coded tumor samples, and the full spectrum of point mutations in codons 12 and 13 were successfully detected ( Figure 5) . A single-base mutation generated a single LDR product band, whose speci®c mobility and¯uorescence label allowed for positive identi®cation of each mutation (see Table 1 and Figure 5 ). Tumors were judged to be wild-type when no speci®c bands could be identi®ed other than the uniformly weak background noise produced by mismatched primer ligation to wild-type DNA. Both internal size standards (Rox-1000, or TAMRA 350 molecular weight marker) and the above background noise signals allowed for unambiguous determination of the correct LDR product size. K-ras genotyping by PCR/LDR and by direct sequencing showed concordance in 134 of 144 tumors. The ten discordant cases were reanalysed by PCR/LDR using a single primer pair targeted to the speci®c mutation(s) identi®ed by either multiplex PCR/LDR or by sequencing (Table 2 ). In each of the eight cases in which direct DNA sequencing failed to ®nd a mutation identi®ed by multiplex PCR/LDR, single primer PCR/ LDR analysis con®rmed the presence of a K-ras mutation in the tumor sample. One of these eight cases identi®ed two mutations via PCR/LDR in the same paran section. For the two cases identi®ed as mutants by direct sequencing and wild-type by multiplex PCR/ LDR, neither mutation could be con®rmed by single primer PCR/LDR. One of these cases contained an unexpected double point mutation (Leucine 12), which was subsequently con®rmed by cloning and sequencing of the PCR product (Park et al., 1998) . Figure 5 Identi®cation of the dierent K-ras mutation from paran-embedded microdissected colon tumor samples. DNA extracted from microdissected samples was PCR ampli®ed and subjected to a multiplex ligase detection reaction (LDR), using the 26 primer set and the K294R mutant ligase enzyme as described in Materials and methods. The respective LDR product corresponds to the presence of the speci®c K-ras mutation listed at the top of the ®gure
Use of multiplex PCR/LDR to detect mutations in nonmicrodissected tumor tissue
The sensitivity of multiplex PCR/LDR suggested it could be used to detect K-ras mutations from samples that were not microdissected. Additional 10 mm paran sections were cut from two dozen of the same 144 colon carcinomas characterized above. DNA was extracted directly from the paran sections, which contained a majority of stromal and normal mucosal cells. PCR/LDR analysis using the 26 LDR primer set on coded samples was able to identify the same K-ras mutations in non-microdissected tumor tissue as in the microdissected samples (Figure 6 ). One tumor sample, identi®ed as G12S in the microdissected section, yielded a major LDR product corresponding to G12S and a minor LDR product corresponding to G12V in the non-microdissected section. More detailed topographic sampling would be needed to distinguish if this ®nding represents two separate K-ras mutations present within a single area, or adjacent areas of the adenocarcinoma. Figure 6 Identi®cation of the dierent K-ras mutations from paran-embedded non-microdissected DNA samples. Samples were PCR ampli®ed and subjected to a multiplex ligase detection reaction (LDR), using the 26 primer set and the K294R mutant ligase enzyme as described in Materials and methods. The respective LDR product corresponds to the presence of the speci®c K-ras mutation listed at the top of the ®gure Discussion Detection of tumor-speci®c mutations in blood, urine, pancreatic secretions, and stool of cancer patients raises the exciting possibility of improved cancer screening, diagnosis, and staging using non-invasive molecular tests (Berthelemy et al., 1995; Caldas et al., 1994; Hasegawa et al., 1995; Mao et al., 1996; Nawroz et al., 1996; Nollau et al., 1996; Sidransky et al., 1992; Tada et al., 1993; Trumper et al., 1994; Wu et al., 1994) . Mutations can serve as clonal markers of shed or disseminated cancer cells and are excellent targets for diagnostic testing Brennan et al., 1995; Hayashi et al., 1994 Hayashi et al., , 1995 Mao et al., 1994) . However, since no single gene mutation occurs in all tumors, eective presymptomatic screening poses the problem of screening for multiple possible mutations in multiple genes. Moreover, the technique needs to be both highly sensitive and quantitative if mutation detection is to be correlated with extent of disease and clinical outcome.
Several PCR based techniques can detect single-base mutations present in a minority population of human tumor cells: allele-speci®c PCR (AS-PCR), which includes MASA, PASA, MS-PCR, MAMA or ARMS ampli®cation (Cha et al., 1992; Chehab and Kan, 1989; Hasegawa et al., 1995; Hayashi et al., 1994 Hayashi et al., , 1995 Kwok et al., 1990; Li et al., 1990; Lo et al., 1991; Mansfeld and Bos, 1992; Orita et al., 1989; Ruano and Kidd, 1989; Rust et al., 1993; Seyama et al., 1992; Tada et al., 1993; Wu et al., 1989) as well as by primer mediated RFLP (Chen and Viola, 1991; Di Giuseppe et al., 1994; Kahn et al., 1991; Levi et al., 1991; Mitsudomi et al., 1991) or electrophoretic mobilitybased methods (Chen and Thilly, 1994; Fodde and Losekoot, 1994; Khrapko et al., 1994) . However, these ampli®cation methods are susceptible to false-positive signals due to mis-extension of the mutant-speci®c primer on wild-type target. Although mis-extension is inecient, the majority of primer is hybridized to wildtype DNA and is a substrate for this unwanted reaction. Several groups have emphasized the need to carefully optimize primer design and reaction conditions under which each AS-PCR reaction is performed, since these conditions greatly determine the degree of discrimination which can be attained between mutant and wild-type DNA (Haliassos et al., 1989; Jacobson and Moskovits, 1992; Mansfeld and Bos, 1992 ). This problem is compounded when a primary PCR ampli®cation step is used, as polymerase errors in the initial ampli®cation provide false templates which can be subsequently selected and ampli®ed into falsepositive signal (Benhattar, 1993; Losi et al., 1992) . Since AS-PCR and restriction digest techniques cannot accurately quantify the amount of minority template, false positive signals from polymerase errors or minute contamination cannot be easily distinguished from true positive signals (Benhattar, 1993; Cha et al., 1992) . Use of mis-matched primers to create restriction sites reduces the ®delity of Taq polymerase extension of the initial base, generating additional false positive signals (Lu et al., 1993; Day and Barany, unpublished results) . In addition, neither AS-PCR nor restriction digests nor electrophoretic separation can precisely identify the full spectrum of mutations at a given gene locus. Multiplexing of AS-PCR is limited by primer interference, which reduces the yield of correct product and increases the likelihood of mis-extension errors. To date, the most sensitive and quantitative method that circumvents the above problems employs phage cloning and plaque hybridization in combination with the use of radioactively-labeled probes (Brennan et al., 1995; Sidransky et al., 1992) .
The potential for false positive errors has complicated understanding of the role and importance of Kras mutations in the developmental biology of colorectal cancer. Initial work by Perucho (Forrester, et al., 1987) and Vogelstein (1988) independently demonstrated that K-ras mutations are acquired early in tumor development, are found in 40 ± 50% of large adenomatous polyps and cancers, and are nearly always represented by a single mutant allele. The presence of a single variety of K-ras mutation in colorectal cancers is supported by direct sequencing (Finkelstein, 1993; Park et al., 1998) . Topographic analysis of K-ras mutations in adenomas and carcinomas by Shibata and coworkers also supports the idea of clonal expansion of one population of neoplastic cells carrying a single variety of K-ras mutation (Shibata et al., 1993) . However, analysis of colorectal cancers by repetitive PCR ampli®cation, restriction digests, and sequencing has indicated up to 16% contain multiple K-ras codon 12 mutations (Moerkerk et al., 1994) . Similar techniques combining mutant enrichment with denaturing gradient gel electrophoresis have found one or more K-ras mutations in the histologically normal mucosa adjacent to colorectal cancers in 11 of 13 cases (Zhu et al., 1997) .
PCR/LDR overcomes many of the above limitations by separating the ampli®cation (i.e. PCR) and mutations discrimination (i.e. LDR) steps. A distinguishing feature of PCR/LDR is that misligations do not undergo subsequent ampli®cation, therefore reducing the chance of false positive reactions. Any lowlevel polymerase errors remain unselected, and thus contribute only a minimum of background noise. Since PCR/LDR also tests for the presence of any base change (i.e. in K-ras codon 12), a pro®le of background noise due to misligations is generated, which may serve as internal markers allowing true-positive signal to be distinguished. Thermostable ligase provides a sensitivity of one mutation in 500 wild-type sequences in the 19 mutation multiplex set. In contrast, T4 ligase has been used to identify three mutations in K-ras codon 12 with a 1% sensitivity (requiring blocking oligonucleotides and high salt to suppress mis-ligations on wild-type template (Jen et al., 1994; Powell et al., 1993; Redston et al., 1995) ).
When compared with direct DNA sequencing, PCR/ LDR successfully identi®ed the full spectrum of point mutations in codons 12 and 13. Among 96 tumors identi®ed as wild-type by direct sequencing, K-ras mutations were identi®ed in eight of these tumors using multiplex PCR/LDR, and in all cases the presence of the mutation was con®rmed by repeat PCR and high sensitivity LDR using a single primer pair. In only one tumor were two K-ras point mutations identi®ed, suggesting that double mutations are a rare event when, as in this study, carcinomas are sampled at a single locus by microdissection. PCR/LDR was also successful in analysing archival tumors from whole paran sections without microdissection as well as from frozen tumor tissue. Taken together, the data support the conclusion that PCR/LDR has the decided advantages of (i) allowing large-scale multiplexing, (ii) providing quantitative detection of mutations in a high background of normal sequences (iii) allowing detection of closely-clustered mutations, (iv) being amenable to automation.
The development of new diagnostic tests for colorectal cancer with improved speci®city and sensitivity would have an impact on therapy and survival, as cures can be obtained in more than 90% of patients when the disease is diagnosed at an early stage (Toribara and Sleisenger, 1995) . In addition, selection of patients for adjuvant chemotherapy and radiotherapy following potentially curative surgery might be improved by highly sensitive molecular tests that can detect minute quantities of residual cancer cells. K-ras mutations have been successfully detected in the stool of colorectal or pancreatic cancer patients using phage cloning and AS-PCR (Caldas et al., 1994; Hasegawa et al., 1995; Nollau et al., 1996; Sidransky et al., 1992; Wu et al., 1994) and also in histologically negative lymph nodes (Hayashi et al., 1994 (Hayashi et al., , 1995 . Multiplex PCR/LDR detection of mutations in oncogenes (e.g., K-ras) and tumor-suppressor genes (e.g., APC and p53) associated with development of colorectal cancer may become an important clinical diagnostic tool in the future.
Materials and methods

Oligonucleotide synthesis and puri®cation
Oligonucleotides were synthesized on an ABI 394 DNA Synthesizer (Applied Biosystems Inc., Foster City, CA, USA.). Oligonucleotides used in LDR were puri®ed by electrophoresis on 10% polyacrylamide/7M urea gels; bands visualized by UV shadowing against a lightning screen and excised from the gel. They were eluted overnight at 648C in TNE buer (100 mM Tris/HCl pH 8.0 containing 500 mM NaCl and 5 mM EDTA) and recovered from the eluate using Sep Pak cartridges (Millipore Corp, Milford, MA, USA) following the manufactures instructions. Oligonucleotides were resuspended to about 1 mM in 100 ml TE (10 mM Tris pH 8.0, 1 mM EDTA). For LDR, gel puri®ed stock solutions were diluted to 100 mM=100 pmoles/ml. The downstream, common oligonucleotides were phosphorylated at the 5' end using a chemical phosphorylation reagent, and blocked at the 3' end using a C3-spacer (Glen Research, Sterling, VA, USA). The use of chemical phosphorylation reagent is an alternative to the enzymatic techniques for oligonucleotide phosphorylation, with the advantage of allowing phosphorylation eciency to be determined (Horn, 1986) .
DNA extraction from cell lines
Cell lines of known K-ras genotype (HT29, wild-type; SW620, G12V; SW1116, G12A; LS180, G12D; DLD1, G13D) were grown in RPMI culture media with 10% fetal bovine serum. Harvested cells (*610 7 ) were resuspended in DNA extraction buer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, pH 8) containing 0.5% SDS and 200 mg/ml proteinase K and incubated at 378C for 4 h. Thirty per cent volume of 6M NaCl was added and the mixture was samples centrifuged. DNA was precipitated from the supernatant with three vols EtOH, washed with 70% EtOH and resuspended in TE buer (10 mM TrisHCl, pH 7.5, 2 mM EDTA, pH 8.0).
DNA extraction from paran sections
DNA was prepared from 144 paran-embedded archival tumors, which represent a consecutive series of primary colon cancers removed by surgical resection at a single institution. Ten mm tissue sections were cut from paran blocks, morphologically distinct regions were microdissected to minimize stromal contamination. Samples were deparanized via sequential extraction with xylene, 100% EtOH, acetone, and dried under vacuum. The pellet was incubated overnight with proteinase K (200 mg/ml in 50 mM Tris pH 8.5, 1 mM EDTA and 0.5% Tween 20) at 558C. After heating at 1008C for 10 min, debris was removed by centrifugation and the supernatant was stored at 48C (Korn et al., 1993) . Greater purity of DNA was achieved by phenol/chloroform extraction and ethanol precipitation (Sato et al., 1990) or by using the QIAamp Tissue Kit (Qiagen, Chatsworth, CA, USA) when needed. In subsequent PCR/LDR experiments, the microdissection step was eliminated.
PCR conditions
PCR ampli®cations were carried out in a volume of 50 ml in 10 mM Tris/HCl buer pH 8.3 containing 10 mM KCl, 4.0 mM MgCl 2 , 250 mM dNTPs, 1 mM forward and reverse primers (50 pmoles of each primer), and between 1 and 50 ng of genomic DNA extracted from paran blocks or from cell lines. The set of primers used were: Ex.1.3 forward=5'-AAC CTT ATG TGT GAC ATG TTC TAA TAT AGT CAC-3'; Ex.1.4 reverse=5'-AAA ATG GTC AGA GAA ACC TTT ATC TGT ATC-3'; Ex.2.9 forward=5'-TCA GGA TTC CTA CAG GAA GCA AGT AGT A-3' and Ex.2.11 reverse=5'-ATA CAC AAA GAA AGC CCT CCC CA-3'. After a 10 min denaturation step, 1.5 units of Amplitaq DNA polymerase (Perkin Elmer, Norwalk, CT, USA) was added under hot start conditions, and ampli®cation achieved by thermally cycling for 35 or 40 cycles of 948C for 30 s, 608C for 1 min, 728C for 1 min and 728C for 3 min for a ®nal extension. Four microliters of the PCR product were analysed on a 2% agarose gel to verify presence of ampli®cation product of the expected size. For DNA isolated from paran sections, only Exon 1 was ampli®ed. PCR ampli®cation products were stored at 7208C.
LDR conditions
LDR reactions were carried out in a 20 ml mixture containing 20 mM Tris-HCl, pH 7.6; 10 mM MgCl 2 ; 100 mM KCl; 10 mM DTT; 1 mM NAD + ; 25 nM (500 fmol) of the detecting primers and mixtures of PCR products from cell lines or tumor samples. The reaction mixture was heated for 1.5 min at 948C prior to adding 25 fmol of the wild-type or mutant Tth DNA ligase. Ligases were overproduced and puri®ed as described previously (Barany and Gelfand, 1991; . LDR reactions were thermally cycled for 20 cycles of 15 s at 948C and 4 min at 658C. Reactions were stopped by chilling the tubes in an ethanol-dry ice bath and adding 0.5 ml of 0.5 mM EDTA. Aliquots of 2.5 ml of the reaction products were mixed with 2.5 ml of loading buer (83% formamide, 8.3 mM EDTA, and 0.17% Blue Dextran) and 0.5 ml Rox-1000, or TAMRA 350 molecular weight marker, denatured at 948C for 2 min., chilled rapidly on ice prior to loading on an 8M urea-10% polyacrylamide gel, and electrophoresed on an ABI 373 DNA sequencer at 1400 volts. Fluorescent ligation products were analysed and quanti®ed using the ABI Gene Scan 672 software. The amount of product is calculated from a calibration curve (1 fmol=600 peak area units).
Multiplex LDR primer sets LDR using three, eight and 26 primers were used in multiplex reactions. In the three primer set experiment, 50 nM (1000 fmol) of the two discriminating primers for G12D and G12V and 100 nm (2000 fmol) of the common primer were used. PCR ampli®ed DNA containing the G12V mutation was diluted from 0.025 nM (0.5 fmol) to 5 nM (100 fmol) into 100 nM (2000 fmol) of wild-type DNA. For the eight primer set, 25 nM (500 fmol) of all six discriminating primers for codon 12, and 75 nM (1500 fmol) of each common primer speci®c for codon 12 were used (see Figure 1 and Table 1 ). For the 26 primer set; 25 nM (500 fmol) of all 19 discriminating primers for codons 12, 13, and 61 and 75 or 50 nm (1500 or 1000 fmol) of all seven common primers were used in a single reaction. PCR ampli®ed DNA containing the G12V mutation was diluted from 0.025 nM (0.5 fmol) to 5 nM (100 fmol) into 100 nM (2000 fmol) of wild-type DNA. LDR, was performed as described above, using 5 nM (100 fmol) of the wild-type or K294R mutant enzyme.
